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release in phosphatidyiserine-containing lipid vesicles 

Michel Deleers, Jean-Paul Servais and Ernst Wi~lfert 
Centre de Recherches, UCB, S.A. Secteur Pharmaceutique, Chemin du Foriest, B-1420 Braine L'Alleud (Belgium) 

(Received September 6th, 1984) 
(Revised manuscript received November 15th, 1984) 

Key words: Neurotoxic cation; A13 + ; Mn 2 + ; Cd 2 + ; Phosphatidylserine vesicle; Fluorescence 

The interaction of AI 3+, Cd 2+ and Mn 2+ with phosphatidyiserine-containing lipid vesicles was studied. 
Phase separation of vesicles was investigated by monitoring fluorescence quenching of the phospbolipid 
analogue •-pa•mit•y•-2-(6-[N-(7-nitr•benz-2-•xa-••3-diaz••-4-y•)•amin•capr•y•)ph•sphatidy•ch••ine (C 6- 
NBD-PC). Aggregation was determined by turbidimetry and leakage of vesicles content during fusion was 
monitored by the fluorescence of released 6-carboxyfluorescein. AI 3+ demonstrated quenching at less than 
30 / tmoi / i  with a maximum effect at 100/tmol/ l .  Al3+-indnced aggregation and dye release from the lipid 
vesicles were observed in the same concentration range. The effect of Cd 2+ and Mn 2+ on quenching was 
much less pronounced and could only be demonstrated in the 0.1-1 mmol/I range. Increasing amounts of 
phosphatidylcholine or phosphatidylethanolamine in the vesicles decreased both A! 3 +-induced quenching and 
aggregation, wheras cholesterol only slightly increased aggregation without affecting quenching. 

Introduction 

Neurotoxic effects of aluminum, cadmium and 
manganese have been documented [1-3]. The bio- 
chemical basis of these effects is not well estab- 
lished. Aluminum has been considered by several 
authors to be the toxic causal agent involved in 
renal dialysis dementia [4] and there is some evi- 
dence that aluminum could also be involved in the 
pathogenesis of senile dementia [3,5]. Recently, it 
was demonstrated that AI 3+ increases the permea- 
bility of the blood-brain barrier [6]; it has been 
reported that the transport of choline in red blood 
cells is affected in senile dementia [7]. On the other 
hand, ther is also evidence that aluminum, 
cadmium and manganese strongly inhibit choline 

Abbreviations: NBD, 4-nitrobenz-2-oxa-l,3-diazole; C6-NBD- 
PC, 1-palmitoyl-2-(6-[N-(7-nitrobenz-2-oxa-l,3-diazol-4- 
yl)]aminocaproyl)phosphatidylcholine. 

transport in erythrocytes and synaptosomes [8,9]. 
To explore the mechanism of the neurotoxicity 

oof these cations further we therefore decided to 
study their effect on phospholipid model mem- 
branes. 

Materials and Methods 

Bovine brain phosphatidylserine, egg yolk phos- 
phatidylcholine, egg yolk phosphatidylethanola- 
mine and cholesterol were purchased from Sigma 
Chemical Co. (St. Louis, MO); C6-NBD-PC was 
purchased from Avanti Polar Lipids (Birmingham, 
A1) and 6-carboxyfluorescein from Eastman Kodak 
(Rochester, NY). 

Small unilamellar vesicles of various lipid com- 
positions were obtained in 0.12 mol/1 NaC1, 0.02 
mol/1 Tris-HC1 (pH 7.4) by three successive ultra- 
sonications of 60 s at 75 W with a Branson Soni- 
tier B 12 (Branson Co., Soest, The Netherlands) 
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under nitrogen flux at 4°C from a multilamellar 
vesicles suspension (5 mg phospholipids in 2 m/) 
containing 5 mol% C6-NBD-PC [10]. The con- 
centration of liposome was 32 /~mol/l in all 
quenching experiments (except when noted). 

Small unilamellar vesicles for aggregation ex- 
periments were obtained in the same way and the 
concentration in all experiments was 50 gmol / l .  

The liposomes used for the leakage of 6-carbo- 
xyfluorescein (fusion experiments) were obtained 
by ultrasonication (300 s at 75 W) of multilamellar 
vesicles (10 m g / m l )  in a buffer, 100 mmol 6- 
carboxyf luoresce in /NaOH (pH 7.4) and sep- 
arated by passage through an equilibrated Sep- 
hadex G-75 column as previously described [11]. 
Liposomes were diluted to obtain a final con- 
centration of 30 gmol  of phospholipid. 6-Carbo- 
xyfluorescein was used without further purifica- 
tion. 

The NBD or 6-carboxyfluorescein fluorescence 
was continuously monitored either with an SLM 
4800 Aminco Spectrofluorometer (SLM-Aminco, 
Urbana, IL) equipped with a HP 7470A plotter or 
with a Farrand Mark I Spectrofluorometer (Far- 
rand Optical Co., New York, NY) equipped with a 
chart recorder. NBD and 6-carboxyfluorescein 
were excited at 475 and 490 nm and monitored at 
530 and 550 nm, respectively. The aggregation was 
monitored by the turbidity changes of the un- 
ilamellar vesicles suspension at 400 nm using a 
Beckman Model 24 Spectrophotometer (Beckman 
Fullerton CA). 

Quenching of NBD was calculated according to 
the formula: 

1 0  - l m a  x - -  A I c 

Q lo - A I  c 

where I 0 represents the fluorescence intensity of 
the vesicle population at the beginning of the 
experiment,/max, the maximal decrease of fluores- 
cence intensity and AIc, the decrease in fluores- 
cence intensity due to sample dilution when ad- 
ding an aqueous volume of 220 gl to the liposome 
suspension (2000 #1). 

Results 
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Fig. 1. AI 3+-, Cd 2+-, Mn z+- and Ca2+-induced fluorescence 
quenching in phosphatidylserine vesicles as a function of cation 
concentration. 65 nmol of C6-NBD-PC/phosphatidylserine 
(5 : 95) were suspended in 2 ml of buffer and the cations were 
added to the final concentration indicated, e, AI3+; A, Cd2+; 
~', MnZ+; O, Ca 2+. Each point is the mean of three to four 
experiments for the divalent cations and of at least six experi- 
ments for AI 3+ . 

calcium, manganese, cadmium and aluminum on 
the quenching of C6-NBD-PC (5 mol%) incorpo- 
rated into phosphatidylserine liposomes is dem- 
onstrated in Fig. 1. Plateau values for quenching 
used for Fig. 1 -4  were reached after less than 4 
min of incubation, independently of the con- 
centration of the cation or of the composition of 
the membranes studied. Approximate values for 
half-maximal effects (EDs0) for these ions were 50, 
500, 700 and 900/~mol / l  for A13+, Cd 2+, Mn 2+ 
and Ca 2+, respectively. 

Fig. 2 shows that quenching of fluorescence 
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Fig. 2. AI 3+ (100 #mol/l)-induced fluorescence quenching in 
phosphatidylserine vesicles as a function of vesicles concentra- 
tion. Each point is the mean (+ S.D.) of three experiments. 



depends on the concentration of A13+ and not on 
the ratio of A13+ to phosphatidylserine. 

It is important to note that increasing the con- 
centration of A13÷ did not affect the fluorescence 
of C6-NBD-PC when incorporated into phos- 
phatidylcholine liposomes (data not shown). These 
findings exclude any direct effect of the cation on 
the probe used. 

When liposomes were incubated simultaneously 
with aluminum and calcium, the sequence of addi- 
tion of the cation determined the effects observed. 
As can be seen from Table I, pre-incubation with 1 
m m o l / l  C a  2 + partially inhibited the effect of low 
A13+ concentration. 

Fig. 3a shows that the quenching effect of A13÷ 
could be partially inhibited by citrate, indicating 
chelation of Al 3÷ by the tricarboxylic acid [12,13]. 
Aluminum-induced quenching of fluorescence was 
also altered by increasing amounts of phosphati- 
dylcholine in the liposomes. However, the addition 
of cholesterol did not modify the effect of the 
cation (see Fig. 3b). 

Release of 6-carboxyfluorescein 
The release of 6-carboxyfluorescein from un- 

ilamellar phosphatidylserine liposomes by increas- 
ing concentrations of A13 + was studied by measur- 

TABLE I 

EFFECT OF THE SEQUENCE OF ADDITION OF AI 3+ 
AND Ca 2÷ ON QUENCHING 

Time between addition of 1st and 2nd cation was 2 rain. The 
concentrations are in mmol and the Q1, Q2 and Qtot values 
represent the quenching due to the first ion added, the quench- 
ing due to the second ion added after 2 rain and the total 
quenching, respectively. Results are the mean± S.E. of six to 
ten experiments. 

Q1 Q2 Qtot 
Ca ---, A1 
1 0.025 9.8 5:0.3 1.4+0.8 11.2 
1 0.050 9.9 ±0.3 11.9±1.9 21.8 
1 0.075 9.8 ±0.3 16.0+1.2 25.8 
1 0.100 9.8 ±0.3 54.0±2.2 63.8 

AI -~ Ca 
0.025 1 6.6 ±1.30 9.9±2.4 16.5 
0.050 1 17.205:1.10 11.75:1.4 29.0 
0.075 1 38.90 5:1.30 10.4 5:1.6 49.3 
0.100 1 50.205:0.40 9.85:1.8 60.0 
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Fig. 3. (a) Inhibition of A13+ (100 ~mol/1)-induced NBD 
fluorescence quenching by citrate as a function of citrate 
concentration. (b) Aluminum-induced NBD quenching in mixed 
phosphatidylserine/phosphatidylcholine (O) and in mixed 
phosphatidylserine/cholesterol vesicles (D). Liposomes consist- 
ing of phosphatidylserine and phosphatidylcholine (O) or 
cholesterol (n) and containing 5 mol% C6-NBD-PC were in- 
cubated in the presence of 100 ~mol/1 AI 3+. The extent of 
quenching was determined after 4 min when quenching reached 
a plateau value. 
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Fig. 4. Extent of 6-carboxyfluorescein (6-CF) release from 
sonicated phosphatidylserine vesicles (30 /xmol/l) after addi- 
tion of Al 3 + at the various concentrations indicated (in # mol/1). 
Maximum fluorescence intensity obtained by the addition of 
0.1% of Triton X-100 to a vesicle suspension was set at 9 
arbitrary units before experiments. 
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Fig. 5. AI 3+-, Cd 2+- and Mn2+-induced 6-carboxyfluorescein 
(6-CF) release from phosphatidylserine vesicles after 4 min as a 
function of cation concentration. I, A13+ ; A, Cd 2+ ; , ,  Mn 2+ . 

ing changes in fluorescence intensity, following the 
addition of the cation. 

Fig. 4 demonstrates that the effect was con- 
centration-dependent and that dequenching of the 
probe was apparent at concentrations of A13 + less 
than 75 #mol / l .  When plateau values were plotted 
against the concentrations of the three cations 
used, the data presented in Fig. 5 was obtained. It 
is apparent from these data that A13+ has a pro- 
nounced effect on the release of the probe from 
the liposomes, quite distinguishable from the effect 
seen with Cd 2+ and Mn 2+. These effects are 
quantitatively similar to those observed in the 
quenching experiments (Fig. 1). Approximate EDs0 
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Fig. 6. Turbidity changes after 4 min with vesicles (50/~mol/l) 
of different phospholipid composition vs. Al 3÷ concentration. 
e, phosphatidylserine; A, phosphatidylserine/phospbatidyl- 
ethanolamine (4:1), *, phosphatidylserine/phosphatidylcho- 
line (4: 1). (The number of experiments is shown in the figure.) 
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Fig. 7. Turbidity changes after 4 min with vesicles (50 #mol/l) 
of different phospholipid composition vs. AI 3+ concentration. 
e, phosphatidylserine; A, phosphatidylserine/cholesterol (4 : 1 ); 
*, phosphatidylserine/cholesterol (3 : 2). 

values were 50, 500 and 750 ~mol/1 for A13+, 
Cd 2+ and Mn 2+, respectively. 

Aggregation of liposomes 
Aggregation of pure unilamellar phosphati- 

dylserine liposomes or liposomes containing varia- 
ble amounts of phosphatidylethanolamine, phos- 
phatidylcholine or cholesterol was studied at in- 
creasing concentrations of aluminum. As can be 
seen from Figs. 6 and 7, phosphatidylethanola- 
mine or phosphatidylcholine did not affect the 
threshold concentration of A13+ for aggregation, 
but significantly reduced maximum aggregation. A 
molar ratio of phosphatidylserine/cholesterol of 
either 8 :2  or 6 : 4  did, however, slightly shift the 
concentration threshold for A13 +-induced aggrega- 
tion towards lower concentrations of the cation 
and also significantly decreased maximum aggre- 
gation. 

Discussion 

The data presented here clearly demonstrate 
that the three cations used alter the physical state 
of phosphatidylserine-containing membranes. In 
all the experiments carried out (quenching, aggre- 
gat ion and 6-carboxyf luoresce in  release), 
aluminum always showed the most powerful effect 
at concentrations at least 10-times lower than any 
of the other cations. EDs0 ratios were 10, 15 and 
18 for A13+/Cd 2+, A13+/Mn 2+ and AI3+/Ca2+, 
respectively. The EDso value obtained for calcium 
is close to the concentratioan reported by others 



studying the effect of this cation on fluorescence 
quenching of C6-NBD-PC in phosphatidylserine 
liposomes [10]. 

It is evident from Fig. 1 that aluminum has a 
dramatic effect on NBD fluorescence quenching 
which is maximum at 100 /~M AI 3÷ . Since addi- 
tion of AI 3+ to C6-NBD-PC/phosphatidylcholine 
vesicles does not affect the fluorescence intensity 
and, since NBD fluorescence is unaffected by the 
membrane microviscosity [10], the quenching of 
NBD-PC observed here could well reflect lipid 
phase separation. Location of the fluorescent 
moiety excludes the possibility that quenching is 
due to aggregation. 

Increasing concentrations of aluminum demon- 
strated a bell-shaped effect on quenching with a 
maximum at 100 ~tM. It is possible that presenta- 
tion to the membrane of high amounts of the 
trivalent ion induces rigidification of the bilayer, 
thus hindering any further phase separation. This 
would require A13+-induced phase separation of 
phosphatidylserine lipids to be a slower process 
than membrane rigidification. 

Quenching of C6-NBD-PC always reached 
plateau values after a maximum of 3-4 min of 
incubation with AI 3+, although approx. 95% of 
this value is reached in less than 1 min. This 
observation contrasts with the time delay reported 
by others when studying the time-course of Ca 2÷- 
induced quenching of NBD-PC in phosphati- 
dylserine vesicles or in mixed phosphatidyserine/ 
phosphatidylcholine vesicles [10]. 

It has also been reported that increasing con- 
centrations of cholesterol decreased the quenching 
effect of C a  2÷ [10], while in our experiments with 
AI 3÷, an effect of cholesterol on cation-induced 
quenching was not observed. The initial fluores- 
cence levels were, however, lowered by cholesterol. 
The differences between the data reported with 
Ca 2÷ and our findings with A13÷ could be due to 
particular affinity of this ion for phosphati- 
dylserine lipids. 

When phosphatidylserine vesicles are prein- 
cubated with 1 mM Ca 2 ÷ and then exposed to low 
concentrations of aluminum (25-75/~M), quench- 
ing is less than in the absence of calcium (Table I). 

However, with increasing concentrations of 
A13÷ (100-125 /~M), the increments in quenching 
are higher, suggesting a steep dependence of the 
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quenching phenomenon on aluminum when 
calcium is present. 

Our findings suggest that both ions mutually 
interact with the membrane to promote coopera- 
tive A13+-induced phase separation. Concentra- 
tions of aluminum required to produce these ef- 
fects are 10-12-times lower than the concentration 
of calcium. A13÷ would therefore bind to phos- 
phatidylserine membranes with an affinity approx. 
one order of magnitude higher than that of Ca. 

Several studies [12,13] have demonstrated that 
citrate chelates aluminum with a high association 
constant (108 mo1-1 .1). Partial inhibition by 
citrate of the quenching effect of A13 + observed in 
our experiments (Fig. 3a) suggests high affinity of 
A13 + for phosphatidylserine lipids. 

6-Carboxyfluorescein release also reach plateau 
values after short incubation times with either 
AI 3+, Cd 2+ or Mn 2+ (Figs. 4 and 5). As in our 
quenching experiments, it could be seen in Figs. 4 
and 5 that the optimal concentration of AI 3+ 
inducing maximum release of 6-carboxyfluorescein 
was approx. 100/~M. At a higher aluminum con- 
centration, massive and rapid binding could stabi- 
lize the membranes or the fused aggregates, mak- 
ing them less leaky. This could explain the peculiar 
concentration dependence observed here. 

The absorbance monitoring the Al3÷-induced 
vesicles aggregation reached plateau values within 
1 rain. The presence of either phosphatidyl- 
ethanolamine, phosphatidylcholine or cholesterol 
seems to affect the aggregation process at higher 
A13 + concentrations. 

A partial increase in light transmission was also 
observed at a high concentration of A13+ when 
liposomes contained either 20 mol% of phos- 
phatidylethanolamine or phosphatidylcholine (Fig. 
6) or 20 and 40% of cholesterol. Secondary forma- 
tion of superagregates induced by fusion of smaller 
vesicles could be the explanation for the decrease 
in absorbance at high AI 3+ concentrations ob- 
served with mixed liposomes. 

Finally, it is remarkable that quenching, aggre- 
gation and release were all observed at the same 
concentration of aluminum, whereas binding 
[15,16], quenching [10,14], aggregation [14,16-17], 
fusion (6-carboxyfluorescein [14-17], [14-17], or 
Tb-dipicolinic acid (14,17-18)) and lipid intermix- 
ing [18,20] reported with Ca 2+ in phosphati- 
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dylserine vesicles was observed over a wider con- 
centration range (1 -4  mmol/1). 

Lanthanum is, according to our knowledge the 
only trivalent cation studied so far for its effect on 
phosphatidylserine vesicles. The effects reported 
are similar to those observed here with aluminum 
[21,221. 

The concentrations of A13+, Cd 2+ and Mn z+ 
required to obtain half-maximum effects (EDs0) 
are close to the EDs0 values reported for inhibition 
of choline transport in erythrocytes and brain 
synaptosomes [8,9]. This might suggest that at 
least some of the toxic effect of A13+ on biological 
processes could be caused by or associated with a 
direct interaction of aluminum with phospholipid 
membrane constituents. 

This paper presents evidence that A13+, in con- 
centrations only slightly higher than those nor- 
mally encountered in biological fluids [23], pro- 
foundly alters the physical state of phosphati- 
dylserine-containing membranes. We believe that 
these findings constitute a possible rational basis 
for explaining some of the toxic effects of 
aluminum at the molecular level. 
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